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The seven members of the 90-kDa heat shock protein (Hsp90) family encode highly conserved molecular
chaperones essential for cell survival in Arabidopsis thaliana. Hsp90 are abundant proteins, localized in
different compartments with AtHsp90.1-4 in the cytosol and AtHsp90.5-7 in different organelles. Among
the AtHsp90, AtHsp90.1, is stress-inducible and shares comparatively low sequence identity with the
constitutively expressed AtHsp90.2-4. Even though abundant information is available on mammalian
cytosolic Hsp90 proteins, it is unknownwhether cytosolic Hsp90 proteins display different structural and
functional properties. We have now analyzed two A. thalianas cytosolic Hsp90s, AtHsp90.1 and
AtHsp90.3, for functional divergence. AtHsp90.3 showed higher holdase chaperone activity than
AtHsp90.1, although both AtHsp90s exhibited effective chaperone activity. Size-exclusion chromatog-
raphy revealed different oligomeric states distinguishing the two Hsp90 proteins. While AtHsp90.1 exists
in several oligomeric states, including monomers, dimers and higher oligomers, AtHsp90.3 exists pre-
dominantly in a high oligomeric state. High oligomeric state of AtHsp90.1 showed higher holdase
chaperone activity than the respective monomer or dimer states. When high oligomeric forms of
AtHsp90.1 and AtHsp90.3 are reduced by DTT, activity was reduced compared to that found in the native
high oligomeric state. In addition, ATP-dependent foldase chaperone activity of AtHsp90.3 was higher
with strong intrinsic ATPase activity than that of AtHsp90.1. As a conclusion, the two A. thaliana cytosolic
Hsp90 proteins display different functional activities depending on structural differences, implying
functional divergence although the proteins are localized to the same sub-cellular organelle.
 2013 The Authors. Published by Elsevier Masson SAS. Open access under CC BY-NC-ND license.t shock; MDH, malate dehy-
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Heat stress can initiate severe decreases in crop production
worldwide [1]. High temperatures provoke cellular injury including
the inactivation of enzymes in cytosol, chloroplasts and mito-
chondria, inhibition of protein synthesis, protein denaturation and
aggregation, and loss of membrane integrity in plants [2]. Among
several groups of stress proteins, heat shock proteins (Hsps) exist in
prokaryotes and eukaryotes alike [3]. They are rapidly synthesized
and accumulate in diverse sub-cellular compartments during heat
stress.
The 90-kDa heat shock protein (Hsp90) includes a family of Hsps
that are abundant and highly conserved molecular chaperones [4].
Hsp90s function in protein folding, maintenance of protein stabil-
ity, and activation and maturation of cellular proteins through
cooperationwith more than 200 client proteins and co-chaperones
to regulate numerous cellular processes [5]. Under thermal stressY-NC-ND license.
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Fig. 1. Comparative holdase chaperone activities of recombinant AtHsp90.1 and
AtHsp90.3. MDH (1 mM) was incubated in the absence (dotted line) or presence of
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AtHsp90.3 (closed symbol) at 45 C for 15 min. Light scattering of samples was
monitored at 340 nm.
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teins in a holdase chaperone function, and promotes the refolding
of heat-denatured proteins in a foldase chaperone function [4,5].
Hsp90s are well characterized as ATP-dependent molecular chap-
erones with an ATPase domain acting in ATP hydrolysis, an essen-
tial requisite of foldase chaperone proteins. In human genome, 17
genes encoding Hsp90s have been identiﬁed. They are found in
different cellular compartments, such as cytoplasm, endoplasmic
reticulum (ER) and mitochondria [6]. Human Hsp90s primarily
exist as homodimers, but higher oligomeric states, tetramers,
hexamer and even higher oligomers have been reported [7]. Heat
shock (HS) induces oligomerization of mammalian cytosolic Hsp90,
which then enhances substrate binding that then prevents irre-
versible aggregation [8,9]. Thus, Hsp90 self-oligomerization in HS-
exposed cells protects by preventing denaturation and aggregation
of many sub-cellular substrates.
Hsp90 have been identiﬁed in many plant species, including
tomato, maize, orchardgrass, rice, rape and Arabidopsis thaliana
[10e15]. In A. thaliana, seven members of the Hsp90 family have
been identiﬁed by genome sequence analysis. They are localized in
different sub-cellular compartments, with four HSPs found in the
cytoplasm, and one each in mitochondria, chloroplasts, and ER
membranes [16]. Sequence identities among A. thaliana cytosolic
Hsp90 proteins are higher than 85%, whereas those between cyto-
solic and other sub-cellular localized Hsp90 proteins are 45e53%.
However, two domains of Hsp90s at the N-terminus (nucleotide
binding) andmiddle in the protein (substrate binding), respectively,
are highly conserved in all A. thaliana Hsp90 isoforms [16].
Recently, AtHsp90.3 has been shown to complement the func-
tion of yeast Hsp82 under HS conditions. However, over-expression
of AtHsp90.2, AtHsp90.3, AtHsp90.5 and AtHsp90.7 in A. thaliana
lowers tolerance to heat stress. As one possible interpretation,
disturbing the ratio between Hsp90 enzymes and their substrates,
in combination with the involvement of Hsp90s in different func-
tions and locations, may lead to imbalances that interfere with the
regulation of the HS-response [17,18].
Another distinctionbetweenHsp90 isoforms is based on transcript
expression. One distinction between the four cytosolic A. thaliana
Hsp90 proteins is the expression of their transcripts either under
normal growth conditions (Hsp90.2-4) or following HS (Hsp90.1) [19].
To date, differences of expression among these cytosolicHsp90 genes
have not been correlated with possible functional differences. We
now depict structural and functional differences between the HS-
inducible AtHsp90.1 and the constitutively expressed AtHsp90.3.
Functional diversiﬁcation between the two A. thaliana cytosolic
Hsp90s are based on distinct structural states.
2. Results and discussion
2.1. Functional differences in holdase activity between A. thaliana
cytosolic Hsp90.1 and Hsp90.3
Among cytosolic AtHsp90 proteins, AtHsp90.1 exhibits lower
sequence identity (approximately 87%) with the three other cytosolic
Hsps, AtHsp90.2-4, that share identities of at least 96%. Distinct are
also different transcriptional expression patternswith respect to heat
stress [16,19]. We have conﬁrmed the consistent expression patterns
of AtHsp90.1 which is HS-induced, and AtHsp90.3, which is consti-
tutively expressed (data not shown). Missing however are experi-
ments clarifying whether the differences among cytosolic AtHsp90s
affect differences in how they may be regulated or show different
functional activities. Thus, we compared holdase chaperone activ-
ities, a canonical activity of Hsp90 proteins, between AtHsp90.1 and
AtHsp90.3. As shown in Fig. 1, both recombinant AtHsp90.1 and
AtHsp90.3 proteins exhibited an effective holdase chaperone activityin protecting malate dehydrogenase (MDH) enzyme activity under
thermal denaturing conditions in a dose-dependent manner,
whereas BSA (as a negative control; data not shown) did not protect.
Interestingly, AtHsp90.3 (80% MDH protection from aggregation;
closed triangles) displayed much higher activity compared to
AtHsp90.1 (50%; open triangles) at amolar ratio ofMDH to AtHsp90 of
1:0.05 (Fig. 1). These results suggest that differences in sequence and
transcriptional expression between AtHsp90.1 and AtHsp90.3 could
cause the different functional activity.
2.2. Different oligomeric states between AtHsp90.1 and AtHsp90.3
Two human cytosolic Hsp90 isoforms, originally termed a and b,
are encoded by two separate genes and their transcriptional
expression patterns are different. Hsp90a is stress-inducible, how-
ever Hsp90b is constitutively expressed [6]. It has been reported
that Hsp90a and Hsp90b proteins predominantly exist as either
homodimers or as monomers, however two proteins had also been
observed to associate into tetramers, hexamers, and even high
oligomers [7,20]. Based on these different gene expression patterns
and oligomeric states of two human Hsp90 isoforms, A. thaliana
cytosolic Hsp90s may be existed as different oligomeric states.
To probe for putative differences in oligomeric states dis-
tinguishing AtHsp90.1 and AtHsp90.3, we carried out size-exclusion
chromatography analysis. As shown in Fig. 2A, AtHsp90.1 and
AtHsp90.3 show different oligomeric pattern. Highest amounts of
proteins after size exclusion chromatography for AtHsp90.1 is seen
with size classes ranging from monomers to high oligomeric sizes
while AtHsp90.3 showed mainly high oligomers. AtHsp90.1 existed
as various oligomeric states, monomer, dimer, and high oligomer and
AtHsp90.3 mainly as high oligomer on Native-PAGE, while mono-
meric AtHsp90s are detected as a single band on denaturing SDS-
PAGE, (Fig. 2B and C). Thus, A. thaliana cytosolic Hsp90 proteins are
divided by oligomeric states, but the oligomerization patterns
differed compared to human cytosolic Hsp90s [7,20].
2.3. Different holdase chaperone activity of AtHsp90.1 depending
on their oligomeric states
Mammalian Hsp90 display oligomerization and enhanced chap-
erone activity as a result of heat treatment, and Hsp90 functional
activity appears to depend on the dynamically varying amount of
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Fig. 2. Comparative oligomeric states of recombinant AtHsp90.1 and AtHsp90.3 proteins. (A) Size-exclusion chromatography (SEC) analysis. Recombinant AtHsp90.1 and AtHsp90.3
protein, respectively,was separated byusing a Superdex 200HR column. Retention time (min) is shown relative to protein absorbance at 280 nm.Molecularmasses of knownstandards
run on the same column are indicated in the chromatogram. (B) SDS-PAGE of fractionated proteins separated by SEC. Each fraction of SEC in Awas separated on 8% reducing SDS-AGPE,
followed by Coomassie-brilliant blue staining. (C) Native-PAGE of fractionated proteins separated by SEC. Each fraction of SEC in Awas separated on 8% native-PAGE, followed by silver
staining. Bovine serum albumin (BSA) was used as a molecular marker.
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oligomeric states of AtHsp90.1 also affect holdase chaperone activity.
As shown in Fig. 3A, three fractions (F1, F2, and F3) of AtHsp90.1 were
separated according to size differences as high oligomers, dimers and
monomers, respectively. In 1:1 M ratios (MDH:each fraction of
AtHsp90.1), not separated total AtHsp90.1 completely protected
MDH from thermal aggregation. In addition, over 80% of the MDH
was protected from aggregation in the presence of F1 whereas
around 10% protection in F3 (Fig. 3B). It suggested that the holdase
chaperone activity of AtHsp90.1 is enhanced by their oligomerization
(Fig. 3B), consistent with previous reports. This is reminiscent of
other proteins that form oligomeric states, such as peroxiredoxin,
thioredoxin, and protein phosphatase 5. They as well exhibit
distinctly different chaperone activities, and display higher chap-
erone activity in highly oligomeric fractions compared to the activity
shown by monomers, whole overall heat-induced oligomerization
enhances activity [22e24].
Five cysteines are highly conserved in the middle and C-termi-
nal regions of AtHsp90.1 and AtHsp90.3. Although full length hu-
man Hsp90 functions as a dimeric molecular chaperone, truncated
proteins including the middle segment and the C-terminal domain
of Hsp90 (MC-Hsp90) exist as three major oligomers, dimer,A
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proteins may enhance the capacity to bind to substrates, prevent
thermal aggregation, and protect cells from heat shock by its
chaperone function [9,22]. It suggests that holdase chaperone ac-
tivity of AtHsp90 proteins are mainly regulated by their oligomeric
properties.
2.4. Enhanced ATPase and foldase activity in high oligomeric states
of AtHsp90.1
Hsp90s function as ATP-dependent foldase chaperone proteins
owing to a highly conserved N-terminal ATPase domain and a
substrate-binding domain in the middle region of Hsp90 sequences
[4]. Here, we conﬁrmed whether two cytosolic AtHsp90 proteins
displaying different oligomeric patterns exhibit different intrinsic
ATPase and foldase chaperone activities. AtHsp90.3 showed higher
ATPase activity compared to AtHsp90.1 (Fig. 5A). The higher ATPase
activity of AtHsp90.3 also induced higher foldase activity compared
to AtHsp90.1 (Fig. 5B). To examine whether the ATPase and foldase
activity is regulated by the oligomeric states characteristic of
AtHsp90.1, a series of size-selected fractions of AtHsp90.1 were
analyzed. As shown in Fig. 5C and D, the higher oligomeric F1
fraction of AtHsp90.1 was higher in both activities compared with
the monomeric F3 fraction. ATP hydrolysis by ATPase domain in
Hsp90 is important for the binding, stabilization, repair and release
of substrate for displaying own foldase activity [26e28]. Thus, it
suggests that AtHsp90.3 existing mainly as high oligomeric states
displayed higher foldase chaperone activity through the high
intrinsic ATPase activity compared to AtHsp90.1 existing various
oligomeric states and oligomeric states differences of AtHsp90.1
caused different extent of functional activities.
3. Conclusion
The four A. thalianas cytosolic Hsp90 genes show different gene
expression patterns upon heat stress, with the stress-inducible
AtHsp90.1 separated from the constitutively expressed AtHsp90.2-
4. AtHsp90.1 also shares lower sequence identity with AtHsp90.2-4.
We investigated whether such differences between AtHsp90.1 and
AtHsp90.3 include differences in functional chaperone activity
among A. thaliana cytosolic Hsp90 proteins. AtHsp90.3 exists
mainly in high oligomeric states, exhibits higher holdase chaperone
activity compared to AtHsp90.1, which exists in monomeric,
dimeric and higher oligomeric states. The activity of the two
AtHsp90 proteins is different depending on oligomeric states, and
activity is enhanced when they exist as high oligomers. Enhanced
capacity of substrate binding sites by oligomerization of the
AtHsp90 could increase substrate binding and concomitantly
enhance the holdase chaperone activity. The differences were also
identiﬁed in an assays probing for foldase chaperone activity.
AtHsp90.3 displayed a higher foldase activity with high intrinsic
ATPase activity than that of AtHsp90.1. This is the ﬁrst report in
plants that Hsps targeted to the same organelle exist in different
oligomeric states and exhibit different functional chaperone ac-
tivity, including holdase and foldase, depending on their oligo-
merization states.
4. Materials and methods
4.1. Expression and puriﬁcation of recombinant AtHsp90.1 and
AtHsp90.3 proteins
Full-length cDNAs of A. thaliana Hsp90.1 (AtHsp90.1, accession
no. at5g52640) and AtHsp90.3 (at5g56010) were isolated from a
cDNA library. To express the recombinant proteins with a 6xHis-tag, the ORFs of AtHsp90.1 and AtHsp90.3, respectively, were
introduced into pET-28a (þ) and the plasmids were transformed
into Escherichia coli BL21 (DE3). Cells harboring the plasmids were
grown at 30 C until the OD600 approached 0.7 and recombinant
protein expression was achieved by the addition of 0.5 mM iso-
propyl-1-thio-b-D-galactopyranoside (IPTG) for 3 h. Cells were
harvested by centrifugation at 6000 rpm (4 C) for 5 min. The
pellets were resuspended in binding buffer (20 mM TriseHCl, pH
8.0, 500 mM NaCl and 5 mM Imidazole) and lysed by sonication.
The lysate was clariﬁed at 12,000 rpm (4 C) for 20 min and the
resulting supernatant was applied by gravity ﬂow to a column of
nickel-nitrilotriacetic acid (Ni-NTA, PEPTRON) resin. The resin was
washed with washing buffer (20 mM TriseHCl, pH 8.0, 500 mM
NaCl and 50 mM Imidazole) and eluted with 20 mM TriseHCl,
500 mM NaCl and 200 mM Imidazole. Eluted proteins were dia-
lyzed overnight against phosphate buffered saline (PBS).
4.2. Size-exclusion chromatography
Size-exclusion chromatography (SEC) was performed by using
an ÄKTA fast performance liquid chromatography system with a
pre-packed Superdex 200 HR 10/30 column (Amersham). Recom-
binant AtHsp90.1 and AtHsp90.3 proteins (500 mg) were loaded
separately onto columns equilibrated with 50 mM Hepes-KOH (pH
8.0) and eluted at a ﬂow-rate of 0.5 ml/min at room temperature.
The eluted proteins were monitored at OD280. Each protein fraction
(500 ml) was immediately stored at 20 C. The column was cali-
brated with molecular mass standards, blue dextran (void volume),
aldolase (158 kDa), bovine serum albumin (BSA, 67 kDa), oval-
bumin (43 kDa) and chymotrypsinogen A (25 kDa).
4.3. Gel electrophoresis
After size-exclusion chromatography, 15 ml of each fractionated
protein, AtHsp90.1 and AtHsp90.3, were separated in 8% Gel, and
visualized by Coomassie brilliant blue staining. Native-
polyacrylamide gel electrophoresis (Native-PAGE) was performed
to conﬁrm the oligomeric states of native protein. SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
estimate the molecular mass as described by Laemmli [29].
4.4. Monomerization of AtHsp90.1 and AtHsp90.3 by DTT treatment
Proteins concentrations in fractions corresponding to oligomeric
size ranges of AtHsp90.1 and AtHsp90.3 puriﬁed by SEC were
measured using Bradford assay reagents (Bio-Rad) at absorbance
595 nm. The Each fraction of oligomeric AtHsp90 proteins (500 mg)
was treated by DTT (10 mM) for 1 h at room temperature followed
by protein elution with 50 mM Hepes-KOH (pH 8.0) to remove any
excess or remaining DTT through a Sephadex G-25 prepacked PD-
10 column (GE healthcare). The monomerized AtHsp90 proteins
were conﬁrmed in SDS-PAGE and native-PAGE.
4.5. Holdase chaperone assay
Holdase chaperone activity of AtHsp90.1 and AtHsp90.3 pro-
teins was assayed by measuring their capacity to suppress thermal
aggregation of malate dehydrogenase (MDH, EC 1.1.1.37) as
described previously [14]. Aggregation of MDH (1 mM) was moni-
tored by light scattering in the absence or presence of each of the
AtHsp90 proteins as measured by absorbance at 340 nm using a
Beckman DU-800 spectrophotometer attached to a thermostatic
cell holder assembly at 45 C. The graph presents the representative
data from t three biological replications.
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Foldase chaperone activity of AtHsp90.1 and AtHsp90.3 was
assayed by measuring the capacity to refold chemically denatured
Glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49). G6PDH
(1 mM) was denatured in 4 M Guanidine-HCl for 2.8 h at room
temperature and then refolded in a renaturation buffer (50 mM
TriseHCl, pH 7.5, 10 mM ATP, 10 mM KCl, 2.5 mM MgCl2) in the
absence or presence of GroEL (Takara), BSA, AtHsp90.1 or
AtHsp90.3. The refolding activity of the proteins was monitored by
assaying the activity of G6PDH in assay buffer (50 mM TriseHCl, pH
7.5, 1 mM NADP) containing 2 mM Glucose-6-phosphate as a sub-
strate. The activity was measured using a Beckman DU-800 spec-
trophotometer. Results shown for foldase chaperone assays are
representative of three independent experiments.
4.7. ATPase activity assay
ATPase activity was assayed as described previously [14]. Equal
amount (1 mM) of protein was incubated in buffer include 0.66 mM
[a-32P] ATP for 0.5, 1 and 2 h at room temperature. ATP hydrolysis
was analyzed by polyethyleneimine (PEI) thin layer chromatog-
raphy and autoradiography using a Cyclone storage phosphor sys-
tem (PerkinElmer). The intensity of signals of ATP and ADP was
measured by densitometry analysis in Gel DocTMxR imaging system
(Bio-Rad).
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